Glycyrrhizic acid diethyl ester (GZ-DE) was developed as a prodrug of glycyrrhizic acid (GZ), a hepatitis therapeutic drug. We fortuitously found that GZ-DE gels with glycerin selectively while searching for a safe solvent with which to dissolve GZ-DE. Based on this gelation, the aim of this study was to investigate the preparation of the gel and study the rheology, physicochemical and structural properties of the glycerin gel by differential scanning calorimeter (DSC), capillary electrophoresis (CEP), nuclear magnetic resonance (NMR), and small angle X-ray scattering (SAXS). The glycerin gel was prepared by the addition of at least 2.0% w/w GZ-DE. This gel did not flow at room temperature. After mixing glycerin and GZ-DE, a gel was formed after 2 days at 25℃ or 3 h at 60℃. Glycerin gel containing 2.4% w/w GZ-DE provided the following results: 1) The glycerin gel exhibited creep at a constant stress of less than 10 Pa, but it is a fragile gel, showing Newtonian flow at 10 Pa stress. 2) Dynamic viscoelastic measurements showed that the elastic modulus (G') exceeds the viscous modulus (G''), indicating that glycerin gel has solid-like properties. 3) DSC showed a significant difference between the glass transition temperature of glycerin and glycerin gel. 4) CEP did not reveal a new compound in the glycerin gel. 5) NMR confirmed that glycerin gel is a physical gel. 6) SAXS measurements revealed that the glycerin gel has an oval-shaped basic frame (119 nm long and 65 nm wide).
INTRODUCTION
Glycyrrhizic acid diethyl ester GZ-DE is a compound in which two ethyl esters bind to the carboxyl group of two glucuronic acids in the structure of glycyrrhizic acid Fig.  1 . Glycyrrhizic acid GZ is a drug that improves the function of the liver, but is poorly absorbed from the intestinal tract 1 3 . Therefore, GZ-DE was synthesized in 2012 as a prodrug for the purpose of improving the absorption of GZ from the intestinal tract CAS registry number: 1413393-38-0 . GZ-DE does exhibit improved absorption compared to GZ 4 , but there are several problems with the physicochemical properties of GZ-DE. First, GZ-DE is very poorly soluble in water at room temperature less than 1 mg/mL at 20 . Second, GZ-DE gradually decomposes in aqueous solution; for example, the degradation rate constant of GZ-DE in 50 mM phosphate buffered solution pH 7.4 and saline 0.9 NaCl is 0.088 h 1 and 0.020 h 1 , respectively 4 . Thus, a safe solvent was required to solubilize GZ-DE. While investigating solvents, we fortuitously discovered that GZ-DE gels with Japanese pharmacopoeia glycerin JP glycerin; glycerin/water 85: 15 , v/v when left at room temperature after heating at 60 for 3 h. We then investigated whether or not GZ-DE gels with glycerin-like compounds such as propylene glycol, 1,3-propanediol, 1,2,6-hexanetriol, 2-methyl-1-propanol, and 1-propanol, in order to clarify the specific selectivity of GZ-DE for gelation with glycerin. GZ-DE did not gel these glycerin-like compounds, indicating that GZ-DE selectively gels with glycerin. GZ-DE has very interesting characteristics as a selective gelling agent. Previous studies have reported that 12-hydroxy stearic acid gels in many kinds of oil by forming fiber-like micelles in the oil phase 5, 6 . N-2-aminoethyl -α-1-oxoheptadecyl amino acetamide derivatives self-assemble and gel in various common solvents 7 . For example, bola-type peptide lipid can gelate water, organic solvents, and water/organic-solvent mixtures 8 . However, the compound which gels with glycerin was not found from documents search except for the effect of glycerin on polymer gel. Therefore, the gelation characteristics of GZ-DE are unique as a gelator for glycerin. Our research aims to clarify the mechanism of gelation of glycerin by GZ-DE. In this paper, we investigated both the preparation of glycerin gel and the physicochemical and structural properties of the glycerin gel.
MATERIALS AND METHODS

Materials
GZ-DE was synthesized by Cokey Systems Matsusaka, Japan . GZ standard GLY0605, 18beta type, purity 100 was purchased from National Institute of Health Sciences Tokyo, Japan . Japanese Pharmacopoeia glycerin JP glycerin; glycerin/water 85:15, v/v was purchased from Nikko Seiyaku Co. Ltd. Gifu, Japan . Pure glycerin JIS special grade, 99 purity, 0.13 water content was purchased from Wako Pure Chemicals Industries Osaka, Japan . Other chemicals were of reagent grade.
Preparation of glycerin gel
The standard method for preparing glycerin gel was as follows: GZ-DE 0.5 -2.5 w/w final concentration and JP glycerin were added to a glass screw-top vial 50 mL, 30 mm inner diameter . The mixture weight of GZ-DE and glycerin was set to be 10 g. After sonicating in a bath-type sonicator 1210, Yamato, Tokyo, Japan for 10 min, the mixture was heated at 60 for 3 h using a constant temperature oven DX-402, Yamato, Tokyo, Japan .
Glycerin gel containing ethanol was prepared as follows: 0.10 g of GZ-DE, 0.735 g of ethanol 30 , 40 , 45 , or 50 v/v ethanol concentration prepared with distilled water , and 4.165 g of pure glycerin were added to a glass screw-top vial. The mixture was sonicated in a bath-type sonicator 1210, Yamato for 10 min, heated at 60 for 3 h using a constant temperature oven DX-402, Yamato .
To confirm if heating at 60 was necessary for gelation, a mixture solution of JP glycerin containing 2.4 w/w GZ-DE was kept at 20 for at least 2 days. Moreover, to confirm if water was necessary for gelation, pure glycerin containing 2.4 w/w GZ-DE was sonicated in a bath-type sonicator 1210, Yamato for 10 min, heated at 60 for 3 h using a constant temperature oven DX-402, Yamato .
Fluidity of the glycerin gel
Five glycerin gels 10 g containing GZ-DE 0.5 , 1.0 , 1.5 , 2.0 , and 2.5 w/w were prepared in 50 mL glass screw-top vials 30 mm inner diameter , based on the standard preparation of glycerin gel described above. The container was quickly placed on its side at 25 and the time required for the edge of the gel to flow to a mark 4 cm from the bottom of the container was measured Fig. 2 .
Effect of GZ-DE concentration on the rheology of
glycerin gel Four glycerin gels 10 g containing GZ-DE 0.5 , 1.0 , 2.0 , and 2.5 w/w were prepared in 50-mL glass screwtop vials 30 mm inner diameter as described above and placed in a rheometer CR-500DZ-S II, Sun Scientific Co. Ltd., Tokyo, Japan equipped with a plunger 15 mm diameter at 25 . The compression speed was 60 mm/min and the compression length was 5 mm. The following rheology parameters of each glycerin gel were measured: maximum load, gel strength, degree of hardness, and elastic modulus.
The maximum load shown on the y-axis was the directly measured maximum load. Gel strength is the value obtained by dividing the maximum load by the plunger area. Hardness was calculated by the formula: gel strength sample height /distance travelled at maximum load. The elastic modulus was calculated by: 980 dyn constant maximum load sample height /distance travelled at maximum load.
Fig. 2
Fluidity evaluation test of glycerin gel. A screwtop glass vial containing glycerin gel (10 g) was quickly placed on its side at 25℃, then the time required for the edge of the gel to travel a distance of 4 cm from the bottom of the vial was measured.
Effect of ethanol on the rheology of glycerin gel
Glycerin gels prepared as described in Section 2.2 were kept at 25 . These gel samples were tested using a creepmeter RE2-33005C, Yamaden Co. Ltd., Tokyo, Japan equipped with a plunger 5 mm diameter at 25 . The compression speed was 60 mm/min. The fracture force, fracture strain, fracture distortion, and frailty force were measured to study the rheology of glycerin gels containing ethanol. These parameters were obtained from relationships between force and fracture distortion fracture distance as shown in Fig. 3 .
2.6
Rheology of glycerin gel 2.6.1 Creep recovery test of glycerin gel on steady shearing gap Glycerin gel 10 g containing 2.4 w/w GZ-DE was prepared as described above. This hard glycerin gel did not flow even when the vial was held upside down. The gel was put on the parallel plate of a rheometer AR1000, TA Instruments Japan, Tokyo, Japan equipped with a 20 mm diameter plunger. After leaving the gel on the parallel plate for 2 min at 25 , a shearing stress 2 Pa, 5 Pa, and 10 Pa was applied to retard the gel for 3 min at a 1000 μm gap condition, then the shearing stress was removed and the gel was left to recover for 5 min. The load strain of the gel was measured at 25 throughout the process.
Dynamic viscosity of glycerin gel
Glycerin gel containing 2.4 w/w GZ-DE was prepared as described above. A fixed amount of gel was put on the plate of a rheometer AR-G2, TA Instruments Japan, Tokyo, Japan equipped with a temperature control system. Dynamic viscosity assays were carried out while varying two factors, oscillation stress 0-500 Pa and angle frequency 0-100 rad/s , at 25 and 50 . Dynamic oscillation parameters, elastic modulus G , viscous modulus G , and complex viscosity η* were measured as a function of angular frequency, strain, and temperature to evaluate the viscoelasticity of glycerin gel containing 2.4 w/w GZ-DE.
Assay of reaction product after preparation of glycerin
gel The gelling of glycerin by the addition of GZ-DE suggested the possibility that new compounds via chemical reaction. The presence of new chemical products was examined using a capillary electrophoresis apparatus Agilent Technologies, HP 3D , Tokyo, Japan in order to test this hypothesis.
The analytical conditions were as follows: mobile phase; 25 
Thermodynamic properties of glycerin gel by DSC
The thermodynamic properties of glycerin gel containing 2.4 w/w GZ-DE were investigated using a differential scanning calorimeter DSC, RDC220, Hitachi High-Tech Science Corporation, Tokyo, Japan . The temperature control program was as follows: 1 JP glycerin and glycerin gel were heated at 30 for 20 min, 2 both samples were cooled at the speed of 10 /min to -150 , 3 immediately both samples were heated at the same speed 10 /min to 120 . This operation was repeated two times. N 2 gas infusion was 40 mL/min, and the weight of the samples glycerin gel and JP glycerin was approximately 30 mg.
Molecular dynamics of glycerin gel by NMR
Molecular interactions between glycerin and GZ-DE were investigated by 1 H-NMR EX-400 and ECA-400, JEOL Ltd., Tokyo, Japan and 13 C-NMR EX-400 and AL-400, JEOL Ltd., Tokyo, Japan . The samples were JP glycerin and glycerin gel containing 2.4 w/w GZ-DE. Both NMR assays were carried out using single pulse methods. Each NMR assay was started 30 min after the sample was prepared in an NMR tube. Trichloromethane 7.26 ppm and tetramethylsilane 0 ppm were used as standard compounds in the 1 H-NMR and 13 C-NMR assays, respectively.
Structural characteristics of glycerin gel by SAXS
Structural analysis by small-angle X-ray scattering SAXS, SAXSSess mc 2 , Anton Paar Japan, Tokyo, Japan was carried out to clarify the basic unit of the glycerin gel network. The assay conditions were as follows: radiation source; Cu K α-ray, power; 40 kV 50 mA, focus; line focus, 
RESULTS AND DISCUSSION
Basic conditions for preparation of glycerin gel
The strength of the glycerin gel increased as the concentration of GZ-DE added to JP glycerin increased. For example, glycerin gel containing 0.5 w/w GZ-DE was very soft, but glycerin gel containing 2.5 w/w GZ-DE was hard and did not flow even when the glass vial with the glycerin gel was tipped over or laid sideways. These results showed that a higher weight ratio of GZ-DE in JP glycerin was important for a hard glycerin gel. JP glycerin contains approximately 15 water by volume. Therefore, the influence of water was studied to determine the conditions required for gel formation. Glycerin gel was prepared by adding GZ-DE 2.5 w/w to pure glycerin 0.13 water content in order to confirm the contribution of water to gel formation. After heating at 60 for 3 h, a glycerin gel was obtained that was similar to that obtained using a mixture of JP glycerin and GZ-DE 2.5 w/w . However, much of the GZ-DE was trapped as a solid in the formed glycerin gel, suggesting that the solubility of GZ-DE in pure glycerin is lower than in JP glycerin. These results indicate that the 15 water content in JP glycerin has little influence on gel formation.
The standard preparation of glycerin gel involves heating at 60 for 3 h. However, the necessity for heating is not based on detailed experiments, and may not be required for the preparation of glycerin gel. Therefore, a mixture of JP glycerin and GZ-DE 2.4 w/w in the gel was kept at 20 for at least 2 days. A gel formed, indicating that heating accelerated gel formation, but the physical and/or chemical interactions between glycerin and GZ-DE gradually progressed in the absence of added heat. Table 1 shows the relationship between GZ-DE concentration and the time required for the glycerin gel to flow a given distance 4 cm from the bottom of a screw-top glass vial .
Fluidity of glycerin gel
Glycerin gel containing 0.5 w/w GZ-DE flowed almost like a liquid. The physicochemical properties of glycerin containing GZ-DE changed from that of a soft gel to a hard gel depending on the GZ-DE concentration, and the flow time increased with an increase in GZ-DE concentration 0.5 2.0 w/w . Glycerin gel containing 2.5 w/w GZ-DE did not flow. These results suggested that GZ-DE shows interaction for glycerin molecules and inhibits the fluidity of glycerin molecules depended on the GZ-DE con-centration.
Effect of GZ-DE concentration on the rheology of glycerin gel
Rheological studies are important for structural characterization of the gel. Recently, many researchers have reported data obtained using a rheometer 9 12 . The influence of GZ-DE on fluidity of glycerin became clear, as described above, and further detailed rheological evaluations were carried out using a rheometer. Figure 4 and Table 2 show the relationship between compression load and compression length obtained in compression and rheology tests, respectively, for four glycerin gels containing different concentrations of GZ-DE.
At a GZ-DE concentration of 2.5 w/w, the maximum load, gel strength, hardness and elastic modulus increased remarkably compared with the other glycerin gels, suggesting that the critical concentration of GZ-DE which drastically changes the properties of the gel is approximately 2.5 . Furthermore, the maximum load tolerated by glycerin gels prepared with 0.5, 1.0, and 2.0 w/w GZ-DE was in close agreement with the compression length 5 mm . On the other hand, maximum load tolerated by glycerin gel prepared with 2.5 w/w GZ-DE remained stable to a compression length of 0.78 mm, then the load rapidly decreased from a compression length of 0.78 mm to 5 mm, indicating that the glycerin gel was fragile and easily collapsed.
Effect of ethanol concentration on the rheology of glycerin gel
Ethanol was added to completely dissolve the GZ-DE since the solubility of GZ-DE in JP glycerin or pure glycerin is low: some of the GZ-DE did not dissolve in the glycerin gel when the gel was prepared using more than a 2.0 w/ w final concentration of GZ-DE. Indeed, when the GZ-DE concentration was 2.5 w/w for the preparation of glycerin gel, the gel did not look homogeneous: some of the GZ-DE solid-like powder was dispersed in the gel. This heteroge- Table 3 shows the effect of ethanol concentration on the rheology of glycerin gel.
No undissolved particles of GZ-DE were observed in the four glycerin gels, and the gels appeared homogeneous. The fracture force and fracture distortion increased with an increase in ethanol concentration Table 3 , suggesting that the gels changed in a solid-like state and that their fragility depended on the ethanol concentration. Although glycerin gel 2.0 w/w GZ-DE without ethanol did not provide a clear fracture point, the four glycerin gels with ethanol each provided a definite fracture point and frailty point in the force versus fracture distortion curve. These results indicate that the addition of ethanol enhances the dissolution of GZ-DE in glycerin and ensures the formation of a glycerin gel: the solubility of GZ-DE in glycerin clearly The GZ-DE concentration in the glycerin gels was 2.0% w/w. n.d. indicates no detection when the ethanol concentration was 0%.
affects gel rheology, and the rheological properties of the glycerin gel are controlled by the ethanol concentration when the GZ-DE concentration is 2.0 w/w. Figure 5 shows the relationship between the stress and total time of glycerin gel containing 2.4 w/w GZ-DE under a shearing stress of 2 Pa, 5 Pa, and 10 Pa. When the shearing stress was 2 Pa and 5 Pa, creep and creep recovery phenomena were observed at a stress time of 3 min and at a recovery time of 5 min, respectively. Both results suggested that the rheological properties of viscosity and elasticity of glycerin gel are similar to that of the Voigt model at a shear stress of 2 Pa and 5 Pa. On the other hand, when the shear stress was 10 Pa, the shearing rate increased linearly for 3 min and then remained constant during a 5 min recovery time: the glycerin gel exhibited Newtonian flow under a 10 Pa shear stress. These results mean that elasticity in the glycerin gel disappears between 5 Pa and 10 Pa. This rheological property indicates that glycerin gel containing 2.4 w/w GZ-DE is similar to agar gel, a polymer jelly with high elasticity. Figure 6 shows the dynamic behavior of the elastic modulus G , viscous modulus G , and complex viscosity η* in glycerin gel 2.4 w/w GZ-DE at 25 and 50 . The G , G , and η* values changed at the same point in the range between 10 Pa to 100 Pa oscillation stress: when the oscillation stress was 51.8 Pa at 25 and 37.3 Pa at 50 , these values decreased sharply, depending on an increase in the oscillation stress. Furthermore, the G value was higher than the G value at lower stress, rather than at the change point. The results suggested that the elasticity of glycerin gel changes in tandem with the viscosity until the glycerin gel collapses. The glycerin gel becomes brittle due to the changes in G , G , and η* after the collapse of the gel. These data support the rheological properties of glycerin gel shown in Figs. 4 and 5 . On the other hand, the G and G values, which depend on an increase in the angle frequency, slowly increased between 25 and 50 , whereas η* decreased linearly. Because oscillation stress levels were in the range 2.48 8.51 Pa at 25 and 2.75 5.05 Pa at 50 , the glycerin gel did not collapse. Similar to the results shown in Figs. 6A and B , the G value was higher than the G value at both temperatures.
Rheology of glycerin gel on a constant shearing gap
Confirmation of compounds in the glycerin gel by capillary electrophoresis
In the glycerin gel prepared by the addition of GZ-DE, it was clear that warming at 60 increased the speed of gel formation. In general, there are two types of gels: physical gels and chemical gels. Physical gels show temperature dependence such as sol-gel changes, whereas chemical gels are generated by the formation of new chemical bonds during a chemical reaction, and often do not show temperature dependence.
Glycerin gel 2.4 w/w GZ-DE did not show a gel to sol change in the temperature range of 60 to 100 . Therefore, it was necessary to clarify whether glycerin gel is a physical gel or a chemical gel. If it is a chemical gel, new compounds, such as a complex formed by the chemical re- action of GZ-DE and glycerin will be produced in the glycerin gel. Capillary electrophoresis was used to identify this complex and thus confirm this hypothesis. Figure 7 shows the chromatograms of JP glycerin ethanol solution, GZ-DE dissolved in ethanol, glycerin gel ethanol solution, and an ethanol solution of GZ-DE/glycerin gel 1:1, v/v . Ethanol was used as a solvent to prepare four samples. The major peak from the GZ-DE sample was detected at 13 min Figs. 7B, C and D . Small peaks corresponding to impurities in GZ-DE were observed in Figs. 7B, C and D. However, no large unique peak from the glycerin gel was observed. These results indicate that GZ-DE and glycerin do not form a new compound by a chemical reaction suggesting that glycerin gel is likely a physical gel. Figure 8 shows DSC profiles of JP glycerin and glycerin gel 2.4 w/w GZ-DE in the decreasing and increasing temperature processes as the interval between 120 and 120 .
Calorimetric assay of glycerin gel by DSC
Although the freezing point of JP glycerin is 10.9 13, 14 , no phase transition peak was observed at 10.9 . This was expected, as in general glycerin does not show a phase transition for the freezing of the crystalline form unless the temperature change is extremely slow. Namely, the temperature change of 10 /min caused a state of supercooled JP glycerin in temperature less than freezing point 10. 9 . This shows that JP glycerin and glycerin gel re-mained a liquid state without even freezing point or less becoming the solid by not having regular arrangement of glycerin molecules for this temperature change 10 /min . In addition, it was reported that the condition to crystallize glycerin at freezing point temperature was to heat glycerin at the speed of 1 /min after cooling to 80 at the speed of 5 /min 15 . If there is little interaction between GZ-DE and glycerin, the DSC curve of glycerin gel will be similar to that of a simple physical mixture of GZ-DE and glycerin. However, the DSC curves of glycerin gel were different from those of JP glycerin, with a pronounced transition at 101.2 for JP glycerin and 89.7 for glycerin gel at the range of cooling temperature process, and at 92.1 for JP glycerin and 81.2 for glycerin gel at the range of heating temperature process. Moreover, no difference was observed for those calculated temperature data in repeated experiments. It is the phenomenon that a supercooled liquid loses kineticism, and these temperatures are glass transition temperature Tg 16, 17 . In a supercooling state, it is shown that the decrease in big capacity while releasing heat outside a system at the time of the cooling. On the other hand, both compounds with glass state absorb heat and thermal motion becomes active, then the capacity expands suddenly at the time of the heating. Therefore, Tg in cooling process is different from that in heating process. In fact, DSC curve of glycerin in heating process was approximately 10 high compared with that in cooling process based on excess heat capacity 18 . Although the Tg at the time of the heating was different from Tg in cooling based on quantity of thermodynamics, the differences of Tg between JP glycerin and glycerin gel at the time of cooling and heating were approximately 11 . From these results, it is suggested that GZ-DE interacts with glycerin molecules. The addition of GZ-DE to JP glycerin restricts the motion of glycerin molecules motion, thus possibly raising the Tg by approximately 11 . Therefore, it seemed that GZ-DE caused the formation of glycerin gel due to molecular interactions.
3.8 Molecular dynamics of glycerin gel by NMR 3.8.1 Relaxation time by 1 H-NMR NMR measurements were carried out to clarify the mechanism of gel formation by the interaction of glycerin and GZ-DE. It was expected that the molecular motion of glycerin would be decreased in the presence of GZ-DE, depending on the stage of gel formation. Spin-lattice relaxation time T1 measurements by 1 H-NMR are useful to evaluate this molecular motion 19 . Thus, 1 H-NMR measurements of JP glycerin were carried out first to confirm the relationship between glycerin molecular motion and T1. The result is shown in Fig. 9 . Figure 10 shows the relationship between T1 of 1 H and temperature. Clearly, the molecular motion of glycerin increases with an increase in temperature between 10 40 . On the other hand, the T1 of the CH and CH 2 positions of glycerin were at a minimum between 20 25 . In general, this minimum depends on the strength of the NMR magnetic field, and the rotation or vibration of the hydrogen is the same as the resonance frequency of the NMR. Therefore, the molecular motion of glycerin based on the gelation time-process can be evaluated from the molecular motion at the T1 minimum NMR resonance frequency .
The T1 of CH2 a was shorter than that of CH b because of the difference in atomic distance between H-H. The dipolar interaction between the nuclear spin is changed by molecular motion, resulting in relaxation due to dipolar interactions. In general, dipolar interactions are inversely proportional to the distance between the spin to the sixth power 20 . It was estimated that the atomic distance between the H-H of CH2 a was shorter than that of CH b because the efficiency of relaxation was improved, resulting in a shortened T1.
In general, T1 is at a minimum when the frequency of molecular motion is 400 MHz. Table 4 shows the relationship between temperature, molecular motion, and T1.
Even if the frequency of molecular motion is lower or higher than 400 MHz, T1 is long. When the temperature of JP glycerin was ca. 20 , T1 was the shortest, whereas when the temperature was lowered to 10 or raised to 40 , the frequency of molecular motion was higher than 400 MHz or lower than 400 MHz, respectively.
From the relationship between the frequency of molecular motion and T1, it appears that the change in the frequency of molecular motion reflects the time required for glycerin gel formation, and that molecular motion, which is dependent on the progress of glycerin gel formation, can be evaluated by T1.
T1 of CH b and CH2 a in JP glycerin with GZ-DE 2.4 w/w GZ-DE was monitored Fig. 11 . that of CH2 a . In general, when cross-linking is occurring during gel formation, a rapid decrease in T1 is observed 21, 22 . Therefore, the results suggest that T1 of CH b up to 160 h was strongly influenced by the formation of a cross-linked structure.
On the other hand, the T1 of CH2 a was the same as that of JP glycerin at 20 in Fig. 10 initially after mixing JP glycerin and GZ-DE, then was moderately prolonged depending on time, and finally became constant 268 276 msec at 260 420 h. The contribution of CH2 a to gel for- mation may be weak, as suggested by the prolonged T1 of CH2 a between 0.5 h to 260 h. During this time, an increase in T1 of CH2 a was observed at a frequency 400 MHz, as shown in Table 4 , indicating a change in frequency in molecular motion as soon as JP glycerin and GZ-DE were mixed. Moreover, gel formation was essentially complete after 160 h, since T1 of CH b and CH2 a no longer changed. These results indicated that the site of interaction between GZ-DE and glycerin is likely the CH b area of JP glycerin. 3.8.2 13 C-NMR chemical shift
As noted above, if the gelation of glycerin by the addition of GZ-DE is due to a chemical reaction, then a change in the hydrogen bonds of the resulting physical gel is expected. In general, a change due to a chemical reaction and the corresponding change in hydrogen bond strength results in an NMR peak shift 23, 24 . For example, when the CH 2 -OH and CH-OH groups of glycerin are changed to ether groups, the 13 C-NMR peaks of CH2 a and CH b shift significantly to higher frequency. In addition, when the O-H bond length is increased due to hydrogen binding, the 1 H NMR peak of the -OH trends to shift to a higher frequency. Therefore, monitoring the 13 C chemical shift of CH2 a and CH b would provide information on the formation of a chemical gel and the 1 H chemical shift would provide information on the formation of a physical gel. Figure 12 shows the 13 C-NMR spectra of JP glycerin and two glycerin gels 2.4 w/w and 12 w/w GZ-DE . CH2
Fig. 11
Changes in 1 H-T1 of CH (b) and CH2 (a) in JP glycerin with 2.4% w/w GZ-DE from 0.5 h to 420 h after mixing the compounds together at 20℃. 13 C-NMR spectra of JP glycerin, and two glycerin gels (containing 2.4% w/w or 12% w/w GZ-DE).
Fig. 12
a and CH b peaks were observed at 63 ppm and 72 ppm, respectively. No difference was observed in the 13 C spectra of the three samples JP glycerin, glycerin gels with 2.4 w/w and 12 w/w GZ-DE .
High frequency shifts of more than 5 ppm will be expected if the ether groups in glycerin bind another compound such as GZ-DE following a chemical reaction. Since no chemical shift was observed, glycerin gel containing GZ-DE is not a chemical gel Fig. 12 the structure of a gel 25, 26 . A change in the hydrogen bonding of glycerin was examined using 1 H-NMR spectra in order to confirm hypothesis that glycerin gel is a physical gel. The 1 H-NMR spectra of JP glycerin are shown in Fig. 9 . Figure 13 shows the relationship between the 1 H chemical shift difference and temperature in JP glycerin. The 1 H chemical shift difference was calculated as a difference of CH2 a peak chemical shift by the -OH chemical shift of CH-OH and CH2-OH peaks. Both the CH-OH peaks and CH2-OH peaks shifted to lower frequency with an increase in temperature, suggesting that the O-H bond length shortened and the strength of the hydrogen bond decreased as the temperature increased. This indicates an increase in the disorder of the system at higher temperature, consistent with theory regarding the relationship between molecular motion and temperature. Therefore, the observed 1 H chemical shift in JP glycerin strongly suggests that glycerin gel is a physical gel. Figure 14 shows the relationship between the 1 H chemical shift difference and the time after mixing JP glycerin and GZ-DE. The GZ-DE concentration was 2.4 w/w. CH-OH peak is not distinct 100 h after mixing JP glycerin and GZ-DE, so the chemical shift difference in the CH-OH peak was not detected during glycerin gel formation. On the other hand, the chemical shift of the CH2-OH peak could be determined up to 417 h, and shifted to higher frequency with time. Therefore, the chemical shift difference was affected by hydrogen bond formation and spread from 1.701 ppm to 1.765 ppm. The shifts observed in JP glycerin from high temperature to low temperature conditions Fig.  13 by the addition of GZ-DE indicated that glycerin gel is a physical gel.
Structural analysis of glycerin gel by SAXS
The NMR data described above support the suggestion that GZ-DE and glycerin form a physical gel. We attempted to identify the basic unit which constitutes the glycerin gel using small-angle X-ray scattering SAXS . The particle size of a dispersion, the particle shape, the internal structure, and the interaction between the particles can be determined using SAXS 27, 28 . When gel structure has a regular unit structure, the gel structure and shape can measured by SAXS. Figure 15 shows the results obtained for glycerin gel 2.4 w/w GZ-DE using SAXS. The x-axis provides the scatter vector, q, in the range 0.04-28 nm 1 . The gel structure and the basic frame distance of the gel are determined from the relationship between scatter intensity I q vs scatter vector q . As shown by the linear broken line, the fractal order was calculated to be approximately 4, suggesting that the fundamental structural unit of the gel may be a sphere. In general, q and the diameter of a structure d are given by the following equations,
where λ is the incident wavelength and θ is the scatter angle. A relatively sharp peak was observed at 1.51 nm 1 , indicating that d is 4.16 nm.
Fig. 13
The relationship between 1 H chemical shift difference and temperature for JP glycerin. Reverse Fourier transform was used to convert from reverse space information scatter curve to real space information. Figure 16 shows the spectra which were analyzed using GIFT Generalized Indirect Fourier Transform . It was predicted that the fundamental structural unit of glycerin gel is over 100 nm, since no change in I q was observed in the Guinier region. The influence of the structure factor S q was observed since scattering on the low q side decreased. Since GIFT analysis can explain the structure factor S q , the determined curve was almost identical to the theoretical, calculated line. These results allowed the structure of glycerin gel to be estimated from the structure factor S q in detail.
From the profiles shown in Figs. 16A and B , it appeared that the glycerin gel structure was nearly spherical, but was slight asymmetry, suggesting that the structural unit in glycerin gel is an ellipse or core-shell form. The data indicated that the elliptical form would be 119 nm long and approximately 65 nm wide, while the core-shell form would have a core diameter of approximately 92 nm and a shell depth of 26 nm. Glycerin gel probably does not have a core-shell structure because glycerin is not a polymer and the water content in glycerin gel is small. The results in Fig. 16C indicate that the distance between the center of the particles in glycerin gel is approximately 119 nm, and S q 0 indicates that the interference and exclusion volume effect between the particles is 0.3, indicating that glycerin gel is composed of minute structural units.
CONCLUSION
To clarify the mechanism by which glycerin forms a gel following the addition of GZ-DE, the physicochemical properties of glycerin gel were investigated by rheology assays, confirmation of reactant generation, and DSC assays. The fluidity of the glycerin gel depended on the concentration of added GZ-DE. Glycerin gel with 2.5 w/ w GZ-DE was robust and did not flow even if when the vial containing the gel was turned on its side. Since GZ-DE is hard to dissolve in JP glycerin and glycerin, ethanol was used as to solubilize GZ-DE. Glycerin gel 2.0 w/w GZ-DE containing 7.35 w/w ethanol did not flow. Rheology assays showed that glycerin gel with 2.4 or 2.5 w/ w GZ-DE crept under 5 Pa shearing stress, but showed only Newtonian viscosity under 10 Pa shearing stress. Therefore, glycerin gel is fragile. No new compound was observed in glycerin gel by capillary electrophoresis, indicating that glycerin gel is a physical gel formed by intermolecular interactions such as hydrogen bonds, and no chemical reaction. A remarkable difference was observed in the glass transition temperature of JP glycerin and glycerin gel by DSC measurements, indicating that glycerin molecules interact with GZ-DE and that GZ-DE is a key compound for network formation in the glycerin gel.
NMR assays showed a decrease in glycerin molecular motion following the addition of GZ-DE to JP glycerin and confirmed that molecular motion during gel formation could be estimated from the relaxation time T1 . After mixing JP glycerin and GZ-DE 2.4 w/w final concentration , T1 of CH in glycerin remarkably decreased up to 160 h, then remained constant after 160 h, indicating that glycerin and GZ-DE interactions during the gel formation affected CH more strongly than CH2 of the glycerin molecule. Furthermore, it was clear that glycerin gel is not a chemical gel because no 13 C chemical shift in the glycerin molecule was observed. That glycerin gel is a physical gel was further supported by the observation that the chemical shift of the CH2-OH peak in glycerin shifted to higher frequency due to hydrogen bonding.
SAXS measurements indicated that the basic structural unit of glycerin gel is an oval, long diameter 119 nm long and 65 nm wide. Glycerin gel is composed of a gel network of these minute structural units, as suggested by the result that S q 0 indicates an excluded volume effect of 0.3.
In conclusion, glycerin and JP glycerin form a physical gel following the addition of GZ-DE in a time dependent behavior either with or without heating. Glycerin gel is fragile, but showed thixotropic flow under 5 Pa. GZ-DE is the first small molecule compound which gels glycerin selectively and physically by a simple operation.
